We report broadband spin-wave spectroscopy on kagome artificial spin ice (ASI) made of large 
Frustration-a phenomenon where competing interactions are not all satisfied at the same time-has found its consideration in different fields of science [1] . Great attention was generated by pyrochlores where frustration between spins occurs due to geometric and magnetic constraints [2, 3] . Here, the microscopic spins are subject to so-called ice rules.
They give rise to degenerate low-energy states and exotic phenomena such as macroscopic residual entropy [4] . Experimental investigations on pyrochlores are restricted in that the behavior of individual spins is inaccessible. This drawback has been overcome via artificial spin ice (ASI), i.e., an array of interacting bistable nanomagnets (macrospins) placed on a square or kagome lattice [5] . For an ASI, one can tune interactions and frustration by varying material parameters [5] . Strict spin ice behavior requires however that nanobars arranged on a square lattice possess inequivalent and fine-tuned heights [6, 7] . This challenge does not exist for kagome ASI. DC magnetization studies performed on ASIs so far have generated controversies and open questions [8] [9] [10] : (I) What is the fundamental building block of the kagome ASI -the Y-shaped or bow-tie configuration? (II) Can one control the trajectory of a Dirac string created by reversed nanobars? To explore and independently test these aspects, alternative techniques are required. Applying micromagnetic simulations to a square-lattice ASI [11, 12] , it was recently argued that spin dynamics reflected reversed nanomagnets and topological defects consisting of monopole-antimonopole pairs separated by Dirac strings [11] . It remaind unclear however how monopole-antimonopole pairs modified the dynamics of neighboring nanomagnets. For the kagome lattice, no such predictions exist either, and experimental results are lacking.
Here, we report broadband spin-wave spectroscopy performed on a kagome ASI prepared from interconnected Ni 80 Fe 20 (Py) nanobars (Fig. 1) . Using micromagnetic simulations we analysed the experimental data and discovered that monopole-antimonopole pairs inside the ASI modify distinctly the internal magnetic field H int (x, y) of specific segments, giving rise to a characteristic GHz response in the crossing region of Dirac strings. These specific resonances allow one to vary locally magnetic charges within an ASI via microwave assisted switching. We also demonstrate how to discriminate between charge-ordered and spin-solidstate [13] ). Our findings are relevant for further exploration of dynamic processes in ASIs and the realization of magnonic crystals [14] that are reprogrammable [15] [16] [17] [18] . Importantly, a kagome ASI of interconnected nanomagnets as studied here is less susceptible to a violation of the spin ice rule due to exchange interaction at the vertices [19] . It will allow one to control propagating spin waves that are exchange-dominated and key for future magnonics [20] . The length, width, and thickness of a Py nanobar was l = 810 nm, w = 130 nm, and t = 25 nm, respectively. Broadband spin-wave spectroscopy was performed in an in-plane field H using a coplanar waveguide and vector network analyzer that allowed us to measure inductively the spin-precessional motion of at least 69000 nanobars of the ASI (see supplementary information). Following Refs. [11] , we simulated the magnetic states and GHz dynamics in a subset of the kagome ASI using the micromagnetic code OOMMF [21] (see supplementary information).
To classify different magnetic configurations, we made use of the charge model [7, [22] [23] [24] .
We considered each Py nanobar to be a dumbbell with charges +q and −q at its opposing ends. Each vertex inside a kagome ASI possessed a coordination number of 3 with a total charge Q = • (0 • ) with H. In the simulations, segment switching was not found down to a field value of H = −290 Oe. We consider the spectrum at H = −290 Oe [second curve from the bottom in Fig. 3 (a) ] as the starting point of our following discussion. Here, a broad peak is seen extending from about 7.5 to 9.5 GHz.
Its fine structure contains three closely spaced resonances at f = 7.7, 8.5, and 9.1 GHz. The peak at 7.7 GHz reflects spin-precessional motion in segments with M pointing against H.
For fields H < −290 Oe, we model the reversal by successively reducing H and increasing the number n of monopole-antimonopole pairs (Dirac strings). The assumed configurations are displayed in the supplementary information. Corresponding spectra for more and more topological defects are presented in the upper spectra of Fig. 3 (a) . A single Dirac string, introduced at H = −300 Oe, provides an additional resonance at about 10.5 GHz. Local power maps (not shown) indicate that this mode resides in the reversed segments with M H on the Dirac string. Following this resonance peak as a function of increasing n (decreasing H), it grows in amplitude and enters the branch of mode D at negative H. The broad signature found between 7.5 and 9.5 GHz at -290 Oe does not vary much for 0 < n < 11.
For larger n, a pronounced peak forms that is found near 9.2 GHz at -400 Oe (uppermost curve). This peak represents mode C. Its amplitude is larger than the other peaks after more than 50 % of the segments have been reversed.
For n > 1, Dirac strings can cross [25] Consistent with the calculated spectra of Fig. 3 (a) , we encounter a very broad resonance feature around about 8.5 GHz in the experimental data for −290 Oe. Also the gradual amplitude increase, seen for mode D between -300 Oe and -440 Oe in the simulations, agrees with the experiments [ Fig. 2 (b) ]. We have not yet resolved the specific resonance marked by black arrows in Fig. 3 (a) in our experiments, which may be due to inhomogeneous broadening when monitoring 69000 nanobars of the ASI at the same time. To evidence this mode of crossed Dirac strings, a miniaturized microwave antenna and inelastic light scattering or the magneto-optical Kerr effect might be applied [27] . Using focused laser light and microwave irradiation at the relevant frequency f , the latter techniques provide a high spatial resolution such that the resonating segments as illustrated in Fig. 4 (d) could be identified inside an ASI.
We will now go one step further and discuss the spin dynamics of states with a different degree of ordering. A kagome ASI exhibits a rich phase diagram starting from zero macroscopic correlation among spins (gas like Ising paramagnet) to nearest-neighbor order • allows one to discriminate between these two states. Considering −300 Oe < H < 0 Oe, one avoids reversal of segments. Spectra computed for the spin-solid-state contain three groups of modes [ Fig. 5 (b) ]. In each group, branches coexist with, both, df /dH > 0 and df /dH < 0. This is strikingly different from the reference state after saturation [ Fig. 5 (c)]. It supports branches with df /dH > 0 only, as we confirmed experimentally in Fig. 2 (a). Vortex-like arrangements thus provoke additional branches with df /dH < 0 indicating the building blocks of a spin-solid-state. The CPW-based technique is thus powerful when searching experimentally for the low-energy spin-solid-state. We expect temperaturedependent spectroscopy [33] to be sensitive to phase transitions in ASI [13] as well.
So far, global magnetic fields were typically considered to manipulate topological defects and thereby explore the path selectivity of evolving Dirac strings [8, 13, 29] . Our results offer a novel method to modify topological defects deterministically. By applying a microwave signal of large amplitude, one can exploit non-linear spin dynamics and microwave assisted switching [30] [31] [32] ASIs [24] , but later were attributed to structural disorder [23] . Microwave assisted switching would create Q = ±3q intentionally inside an ideal ASI. The technique thus allows one to study whether Q = ±3q is stable or leads to an avalanche. Our work addresses also the question whether the bow-tie [23] or Y-shaped configuration of nanobars [9] forms the basic building block of a kagome ASI. Our analysis suggests that the full bow-tie subgroup rules the eigenfrequency of a nanobar and not the Y-shaped configuration.
In summary, we investigated kagome ASI using broadband spin-wave spectroscopy in both the saturated state and reversal regime. Based on simulations, we explained the spectra considering topological defects. As spin waves are sensitive to small variations in the internal field, they are found to provide direct information about the occurrence of monopoleantimonopole pairs for Dirac strings that cross. The spin waves allow one to create highly charged vertices and manipulation of ASIs via microwave assisted switching. The detailed understanding of spin dynamics paves the way for reprogrammable magnonics based on ASI.
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